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Cyanobacteria are the oldest oxygenic phototrophs on Earth. They
were not only among the early microbial pioneers of life to produce oxy-
gen that is indispensable for sustaining aerobic life in the atmosphere, but
alsohave consistently served as a predominant contributor to our sustain-
able environment for around3.5 billion years [1]. Cyanobacteria can adapt
to a variety of environmental changes and have awide variety of habitats,
predominantly ascribed to the robustness and plasticity of theirmetabolic
systems. The thylakoidmembranes ofmany cyanobacteria that have been
studied are uniquely capable of conducting both photosynthetic and re-
spiratory electron transductions [2,3]. The dynamics and modulation of
electron transport pathways are essential for cyanobacteria to optimize
their metabolism towards environmental challenges. In the last decades,
improvements in structural biology techniques have provided substantial
information, inmolecular detail, about the structures and functions of the
electron transport complexes in cyanobacterial thylakoid membranes.
However,we still have insufﬁcient knowledge about the overall organiza-
tion of the thylakoid membranes, the interactions between electron
transport complexes and the dynamics of these functional modules. This
is a major impediment to addressing many fundamental questions, such
as how these electron transport components are biosynthesized andrganization and dynamics of
eaux.
. This is an open access article underdegraded, how their functions are regulated, and how they communicate
with each other within the samemembrane or between different cellular
membranes.
This review focuses on the spatial organization and dynamics of
electron transport chains in cyanobacterial thylakoid membranes, and
discusses the functional signiﬁcance of the distribution and mobility of
electron transport modules in vivo. The dynamic modulation of the
electron ﬂow network produces optimized energy transduction in
cyanobacteria. Extensive study of cyanobacterial photosynthetic
membranes will provide essential information for the design and engi-
neering of new photosynthetic machinery and devices, with the at-
tempts to improve bioenergy production. In addition, given the close
evolutionary relationship between cyanobacteria and chloroplasts, the
photoheterotrophic cyanobacteria represent an important model for
elucidating the structure and function of chloroplasts in higher plants.
Alternatively, knowledge obtained from plant chloroplasts will also in-
form the study of cyanobacterial thylakoid membranes.
2. Cyanobacterial thylakoid membrane structure
2.1. Composition
A unique structural feature of cyanobacterial thylakoid membranes
is that it harbors the elements of both photosynthetic and respiratory
electron transfer chains, and thereby is capable of performing both oxy-
genic photosynthesis and aerobic respiration in the same cellularthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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transport complexes have been structurally characterized in the past
decade. Fig. 1 depicts the thylakoid membrane structure based on our
current knowledge obtained from a model unicellular cyanobacterium,
Synechocystis sp. PCC6803 (hereafter Synechocystis 6803). The photo-
synthetic electron transport complexes in the thylakoid membrane in-
clude phycobilisome (the membrane associated antenna complex),
photosystem II (PSII), photosystem I (PSI), cytochrome (cyt) b6f and
ATP synthase (ATPase). In addition, there are small electron transport
molecules, such as plastoquinone (PQ), plastocyanin (PC) and cyto-
chrome c6, functioning as electron carriers to shuttle electrons between
each electron transport complex and functionally link all the complexes
together [4].
Cyanobacteria have evolved the extrinsic supramolecular
phycobilisomes associated to the cytoplasmic surfaces of thylakoidmem-
branes, serving as the major antenna for both photosystems [5–8].
Phycobilisomes are self-assembled supercomplexes composed of
chromophore-containing phycobiliproteins and colorless linker polypep-
tides [9]. The ingeniously-created architecture allows phycobilisomes to
absorb efﬁciently the visible light at the wavelength of 500–670 nm,
greatly extending the absorbance range of chlorophyll a in photosystems
(major absorption at 440 nm and 680 nm). Moreover, stepwise energy
transfer within the phycobilisome could also act as a photoprotective
mechanism to prevent the photodamage of photosystems by excess
light energy [10]. Light energy captured by phycobilisomes is rapidly
and efﬁciently transferred to PSII and PSI. At the reaction center of PSII,
a series of light-induced electron transfer reactions occur, leading to the
conversion of electrochemical potential energy and water splitting reac-
tion. PQ accepts the electrons from PSII and contributes the electrons to
PSI via cyt b6f and PC. PSI catalyzes the light-driven electron transport in-
cluding the oxidation of luminal electron carriers, PC and cyt c6, and the
reduction of ferredoxin. The electron transfer reactions are coupled with
the formation of an electrochemical gradient across thylakoid mem-
branes, which is essential for driving ATP synthesis by the ATPase. This
electron ﬂow pathway, namely the linear electron transport, is strictly
correlatedwith the evolution of O2. During the last steps of electron trans-
fer, the ferredoxin, a strong reductant, transfers electrons to ferredoxin-
NADP+ oxidoreductase (FNR) to generate NADPH. Apart from the linear
electron transport, PSI also participates in the cyclic electron transport,Fig. 1. Schematic model of cyanobacterial thylakoid membrane (based on knowledge of Synech
transport component in the samemembrane. Photosynthetic electron transfer complexes inclu
system supercomplex in vivo has been identiﬁed [38,39]. Complexes speciﬁc for respiratory ele
b6f, PQ and PC are shared by both electron transport pathways. There are also potassium channe
Abbreviations: ADP — adenosine diphosphate, ATP — adenosine triphosphate, cyt b6f — cytoch
amide-adenine dinucleotide phosphate (reduced form), NDH-1 — type 1 NADPH dehydrogena
structures are achieved from PDB database: allophycocyanin, PDB ID: 1KN1; NDH-1, based
4H13; cyt oxidase, PDB ID: 1OCO; potassium channel protein, based on theMagnetospirillumm
PDB ID: 3O18; PSI, PDB ID: 1JB0; PSII, PDB ID: 3WU2; and SDH, based on the E. coli SDH crystawhich generates only ATP without any accumulation of NADPH, in
order to balance the ratio of ATP andNADPH in the cell [11]. The produced
ATP and NADPH will then be utilized for CO2 ﬁxation and other cellular
metabolism.
Likewise, some protein complexes are also related to the photosyn-
thetic electron ﬂow. A water-soluble orange carotenoid protein
(OCP) was shown to mediate directly the ﬂuorescence quenching of
phycobilisomes, known as non-photochemical quenching, and possibly
in the regulation of energy transfer between phycobilisomes and
photosystems [12–14]. OCP contains a single bound carotenoid (3′-
hydroxyechinenone),which can change the conformation between its or-
ange (OCPO) and red forms (OCPR) [13,15]. The photoactivated OCPR
binds to the phycobilisome core, where it takes excitation energy from
phycobilins and converts it to heat as an energy quencher, in order to pre-
vent photodamage of reaction centers at high light. The reversal of OCP-
induced energy quenching (conversion of OCPR back to OCPO) depends
on a second cytoplasmic protein, the ﬂuorescence recovery protein,
which binds to OCP and weakens its association with phycobilisomes
[16].
In contrast to the well-studied photosynthetic electron transport
chain, the respiratory electron transport chain in cyanobacteria is
much less understood. The main respiratory electron transport com-
plexes include type-I NAD(P)H dehydrogenase (NDH-1), type-II
NAD(P)H dehydrogenase (NDH-2), succinate dehydrogenase (SDH),
cytochrome oxidase and alternative oxidases, as well as cyt b6f [2].
NDH-1 and SDH were postulated as the principal respiratory electron
donor complexes in cyanobacteria [2,17–19]. The cyanobacterial NDH-
1 complex structurally and functionally resembles mitochondrial Com-
plex I of the respiratory chain, and plays key roles in respiration, cyclic
electron ﬂow around PSI and CO2 uptake [20]. Electrons from respirato-
ry substrates enter the electron transport chain via PQ reduction by
NDH-1 or SDH, and are passed on through cyt b6f and the luminal elec-
tron carrier, PC or cytochrome c. Afterward, they could be transferred to
either a terminal oxidase to perform conventional respiratory electron
transport with net oxidation of the metabolite pool, or could be trans-
ferred to PSI to participate in the cyclic photosynthetic electron trans-
port. The redox state of PQ pool has been demonstrated to play an
important role in steering the electron ﬂow into different directions
[19].ocystis 6803 thylakoids), showing the interplay of photosynthetic and respiratory electron
de phycobilisome, PSII and PSI, cyt b6f and ATPase. The presence of phycobilisome–photo-
ctron transport chain are NDH-1, SDH and cyt oxidase. Some components, such as the cyt
l proteins in the thylakoidmembrane. Arrows indicate the electron transduction reactions.
rome b6f, cyt c6 — cytochrome c6, cyt oxidase — cytochrome oxidase, NADP(H)— nicotin-
se, PC— plastocyanin, PQ— plastoquinone, SDH — succinate dehydrogenase. The protein
on the Complex I structure from Thermus thermophilus, PDB ID: 4HEA; cyt b6f, PDB ID:
agnetotacticum KirBac3.1 potassium channel crystal structure, PDB ID: 1XL4; phycocyanin,
l structures, PDB ID: 1NEK.
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transport chains are structurally and functionally correlated with each
other, ensuring highly efﬁcient and optimized electron ﬂow in the cell.
Some of these electron transport components, for instance cyt b6f, PQ
and PC/cyt c, are functionally shared by both photosynthetic and respi-
ratory electron transport pathways [2].
Despite the electron ﬂow components discussed above, there are
other components located in cyanobacterial thylakoid membranes. At
least ﬁve potassium channel homologs have been identiﬁed in the ge-
nome of Synechocystis 6803, based on their sequence similarity to ion
channels from other species [21]. A potassium-selective glutamate re-
ceptor, which represents an evolutionary link between two transmem-
brane containing potassium channels and glutamate receptors of
eukaryotes, has been characterized [22,23]. Recent studies have
revealed that the SynK, a six transmembrane voltage-sensing potassium
channel, is located in both thylakoid and cytoplasmic membranes of
Synechocystis 6803 [24]. This channel protein is essential to balance
the electric component of transthylakoid proton gradient for ATP
synthesis, and thereby plays a role in regulating photosynthesis and
respiration in cyanobacteria [25]. The primordial cyanobacterium
Gloeobacter (G.) violaceus also contains a proton-gated ion channel
[26,27]. The detailed mechanism of ionic channels governing the func-
tion and regulation of cyanobacterial photosynthetic membrane re-
mains to be further elucidated.
As shown in Fig. 2, the distribution of photosynthetic and respiratory
electron transport chains in cyanobacterial membranes varies depend-
ing upon species [28]. Many cyanobacterial species have evolved
the intracytoplasmic membrane system, the thylakoid membrane, in
addition to the cytoplasmic membrane. In these organisms, the respira-
tory electron transport chain is located in both cytoplasmic and thyla-
koid membranes; the thylakoid membrane is endowed with a dual-
function of photosynthetic and respiratory electron transport [29]. An
exceptional organism is G. violaceus that lacks intracytoplasmic mem-
brane in vivo [30,31]. In G. violaceus, the cytoplasmic membrane hosts
both photosynthetic and respiratory systems, which intersect and
share in part common electron transfer components. Overall, co-
existence of respiration and photosynthesis in the same membrane
compartment indicates the close functional coordination between the
two bioenergetic pathways.
Cyanobacteria are ideal organisms to investigate the processes and
structures of electron transport pathways associated with oxygenic
photosynthesis and respiration. In particular, two model unicellular
cyanobacterial organisms, Synechocystis 6803 and Synechococcus sp.
PCC 7942 (hereafter Synechococcus 7942), have been widely used in
the laboratory research, because of their completely sequenced ge-
nomes and their superior genetic tractability. The spherical-shaped
Synechocystis 6803 can be grown in several different conditions, withFig. 2.Model of cyanobacterial membrane system and the distribution of electron transport com
7942 cell. The thylakoid membranes of Synechococcus are organized in a series of regular, con
cyanobacterial electron transport pathways in the cytoplasmic and thylakoidmembranes. Respi
membranes. The thylakoid membrane houses complexes from both photosynthetic (green) a
cytochrome bd oxidase, NDH-1 and -2— type 1 and II NADPH dehydrogenase, terminal oxidasnumerousmutants available. The thylakoidmembranes in Synechocystis
6803 form curved and parallel sheets radiating out from the thylakoid
organizing centers. By contrast, the rod-shaped Synechococcus 7942
possesses the thylakoidmembranes that are organized in a series of reg-
ular, concentric cylinders inside the cytoplasmic membrane and sur-
rounding the central cytoplasm. This conﬁguration is advantageous to
the study of protein distribution and mobility, especially to one-
dimensional ﬂuorescence recovery after photobleaching (FRAP) detec-
tion and analysis which is based on live-cell imaging using a confocal
ﬂuorescence microscope.
Cyanobacterial thylakoid membranes can not only produce energy,
through the electron transport chains, for the cellular metabolism, but
also provide the regulatory mechanisms to sense the external stimula-
tion and modulate the cellular metabolism. Current structural model
of cyanobacterial thylakoid membranes, based on mainly the atomic
structures of individual protein complex and spectroscopic studies, il-
lustrates a static view of the thylakoid membrane architecture. How
the complexes and molecules are highly organized in the thylakoid
membranes, in a functional context, and how they are dynamically
adapted to changing environmental conditions are still poorly under-
stood. Recent advances of analytical techniques, such as cryo-electron
tomography, small angle neutron scattering, confocal microscopy and
atomic force microscopy [32], have provided new insights into the
three-dimensional architecture, dynamics and ﬂexibility of thylakoid
membranes.
2.2. Membrane heterogeneity
In cyanobacteria, compartmentalization appears to provide a
means for metabolic reactions to be concentrated and enhanced
within functional protein domains. A typical example is the protein-
aceous microcompartment namely the carboxysome, the specialized
CO2-ﬁxing machinery located in the cytoplasm [33]. The thylakoid
membranes also possess compartmentalized modules throughout
the membrane network, leading to the formation of spatially sepa-
rated functional membrane domains and structural heterogeneity
of thylakoid membranes, resembling the plant chloroplasts.
The compositional heterogeneity of thylakoid membrane frac-
tions isolated from Synechocystis 6803 has been reported [34]. Stud-
ies using hyperspectral confocal ﬂuorescence imaging further
reported the physical segregation of photosynthetic complexes in
Synechocystis 6803: the inner thylakoid regions are concentrated
with PSI, whereas phycobilisomes and PSII are preferentially located
in the outer thylakoids of cyanobacterial cells [35,36]. Using a combi-
nation of electron microscope and immunochemistry, however, it
was shown that in Synechococcus 7942 the outer thylakoid layer con-
tains mainly ATPase and PSI complexes, whereas PSII and cyt b6f areplexes in themembranes. Left, thin-section electronmicroscopy image of a Synechococcus
centric layers along the length of the cell. Right, distribution of the major components of
ratory electron transport components (blue) are located in both cytoplasmic and thylakoid
nd respiratory electron transport chains. Abbreviations: ATPase — ATP synthase, cyt bd —
e — cytochrome terminal oxidase.
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ertheless, it is evident that cyanobacterial thylakoid membranes
present heterogeneity in protein distribution, indicating the proba-
bility that pigment–protein complexes with functional links tend to
be in close proximity to and interact with each other.
Indeed, the occurrence of photosynthetic supercomplexes in
cyanobacteria has been determined [38,39]. Themegacomplex contain-
ing phycobilisome–PSII–PSI was postulated to act as an energy transfer
“cluster” that directs excitations to the two photosystems. This
megacomplex is less likely to be an electron transport module, as no
cyt b6f or other electron transport complexes have been identiﬁed as
parts of the megacomplex [38]. In addition, the physical association of
phycobilisome–PSI supercomplex was explored, indicating the poten-
tial role of phycobilisomes in the cyclic electron transport around PSI
[39]. These studies provided direct evidence for the organizational
heterogeneity of electron transport chains in cyanobacterial thylakoid
membrane. In green algal chloroplast, the large photosynthetic
supercomplex involving PSI-light-harvesting complex I (LHCI), LHCII
for PSII, cyt b6f and FNR, as well as a membrane-integral complex
named PGRL1 was characterized [40]. The assembly/disassembly dy-
namics of photosynthetic supercomplexes are essential for regulating
the energy balance of two photosystems and the pathways of photosyn-
thetic electron ﬂow.
2.3. Membrane connection
The biogenesis of cyanobacterial thylakoid membranes is likely to
correlate with the development and processing of cytoplasmic mem-
branes [41]. Direct connections between cytoplasmic and thylakoid
membranes have been observed in Synechocystis 6803 [42–44]. These
connectionsmay provide amedia for the communication between cyto-
plasmic and thylakoid membranes [43]. In addition, the multiple layers
of photosynthetic membranes are also connected to each other and
form a highly continuous network, reminiscent of the photosynthetic
membrane networks found in purple photosynthetic bacteria [45] and
higher plant chloroplasts. The long-range membrane network in cells
allows the diffusion of water-soluble and lipid-soluble molecules to dif-
fuse continuously through the entire membrane system [44].
2.4. Membrane structural ﬂexibility
The structural ﬂexibility of thylakoid membranes is of fundamental
importance for the efﬁciency and regulation of oxygenic photosynthesis
at the subcellular scale. Recent studies using small angle neutron scat-
tering revealed that light could induce reversible reorganization of
cyanobacterial thylakoid membranes [46,47]. Variation of the distances
between thylakoid layers was considered as a regulatory manner to
correlate with many photosynthetic processes in vivo, for instance PSII
repair, PC diffusion, protein degradation and non-photochemical
quenching, etc. [48]. The size of phycobilisomeswas found to play a pro-
found role in determining the spacing between thylakoid membrane
pairs [47].
3. Distribution and dynamics of photosynthetic complexes in
cyanobacterial thylakoid membranes
The formation of functional photosynthetic apparatus is a highly
dynamic process, involving de novo protein synthesis, protein self-
assembly, turnover and repair, adaptive regulation and crosstalk
between components. These orchestrated reactions are crucial for
maintaining and optimizing the performance of photosynthetic light-
energy conversion. The mobility of protein complexes in thylakoid
membranes is governed by a combination of speciﬁc protein–protein
interactions, membrane viscosity and macromolecular crowding. To
date, our knowledge about the organization and dynamics of electron
transport components in cyanobacterial thylakoid membranes is stillnot satisfactory. Some of the pigment–protein complexes in thylakoid
membranes are naturally ﬂuorescent, such as phycobilisomes and PSII,
allowing direct visualization of the distribution and dynamics of these
photosynthetic complexes in vivo without necessity for speciﬁc
ﬂuorophore binding or ﬂuorescent protein fusion. By contrast, informa-
tion about the distribution and dynamics of non-ﬂuorescence compo-
nents is very limited.
3.1. Light-harvesting antenna complexes — phycobilisomes
Physical association between phycobilisomes and photosystems is
prerequisite for efﬁcient energy ﬂow. The phycobilisome linker protein,
ApcE, plays an key role in anchoring phycobilisomes with photosynthetic
reaction centers (see review [9]). Hyperspectral confocalﬂuorescence im-
aging revealed that phycobilisomes and PSII are predominantly located at
theperiphery of cyanobacterial thylakoidmembranes,whereas PSI is like-
ly distributed in the inner thylakoid regions [35]. This suggested that
phycobilisomes have a preferential association with PSII. Furthermore,
electron microscopy images revealed the association of phycobilisomes
with the stromal (cytoplasmic) surface of PSII rows [49]. Using a chemical
cross-linking strategy, a photosynthetic megacomplex composed of
phycobilisome, PSII and PSI from Synechocystis 6803 has been isolated, in-
dicating the presence of photosynthetic antenna-reaction center
supercomplex assembles in cyanobacteria [38]. Time-resolved ﬂuores-
cence spectroscopy further illustrated that phycobilisomes could channel
the excitation energy to the reaction centers of either PSII or PSI, though
energy transfer from phycobilisomes to PSI is slower than to PSII [38]. In
the cyanobacterium Anabaena sp. PCC 7120, a phycobilisome–CpcL–PSI
supercomplex was also determined [39]. The CpcL is a linker protein
with an N-terminal hydrophilic phycobilisome domain and a C-terminal
hydrophobic membrane domain. This speciﬁc structure was assumed to
be important for combining with both phycobilisome rods and photosys-
tems. Within the supercomplex, PSI is organized into tetramers (in the
form of a dimer of dimers) rather than the more general trimers found
in vegetative cyanobacterial cells, and the CpcL–phycobilisome rod
subcomplexes bind at the periphery of PSI tetramers. It is unclearwhether
tetrameric PSI is functional in Anabaena andwhether such speciﬁc PSI as-
sembly is only restricted to heterocysts. Likewise, whether the formation
of these photosynthetic supercomplexes characterized is transient and
dynamic in vivo remains unknown.
Light energy absorbed by phycobilisomes can be physiologically bal-
anced between the two different photosystems in response to changing
illumination conditions. This biological process is known as state
transitions [50]. Studies using FRAP (see review [51]) revealed that
phycobilisomes are mobile and diffuse relatively freely along the
cytoplasmic surface of thylakoid membranes [52], indicating the
dynamic association and disassociation of phycobilisomes between
PSII and PSI. Several factors have been determined to affect themobility
of phycobilisomes and phycobilisome–photosystem association in
Synechococcus 7942, for instance the size of phycobilisomes, tempera-
ture and lipid composition of thylakoid membranes [53]. It was further
shown that the phycobilisome mobility is required for state transitions
[54] and non-photochemical quenching [55]. Recent study indicated
that the phycobilisome mobility also correlates with state transitions
in mesophilic red algae [56]. However, in thermophilic red algae, the
phycobilisomemobility is greatly restricted, probably due to the strong
phycobilisome–photosystem interaction. State transitions in these or-
ganisms are replaced by non-photochemical quenching [56].
The rapid diffusion of phycobilisomes has implications for a ﬂuid en-
vironment around the thylakoid surface. Such environment will poten-
tially facilitate the large-scale movement of soluble membrane-
associated electron transport components such as ferredoxin and
ﬂavodiiron (Flv) proteins Flv1–4 [3]. By contrast, FRAP experiments on
a cryptophyte alga, in which the light-harvesting antenna are only phy-
coerythrins instead of entire phycobilisomes and are located uniquely in
the thylakoid lumen, illustrated that the diffusion of phycoerythrins is
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thylakoid lumen [57].
The detailed mechanism governing the rapid phycobilisome diffusion
on cyanobacterial thylakoid surfaces still remains to be explored [58].
Atomic force microscopy and electron microscopy images on native thy-
lakoidmembranes of the red alga Porphyridium cruentum have elucidated
signiﬁcant macromolecular crowding of thylakoid membrane surfaces,
with densely packed phycobilisomes [7,8]. Under such crowd circum-
stance, the rapid, long-range movement of phycobilisomes is likely to be
tremendously restricted by steric hindrance, taking into account the
large size of phycobilisomes, the dense lateral packing on thylakoid
membrane surface and the limited spacing between opposite thylakoid
layers. Given the fact that phycobilisomes and photosystems can form
supercomplexes [38,39] and that PSI can be found in close proximity to
PSII [59], it is possible that redistribution of phycobilisomes between the
two photosystems could occur only in the local membrane region, rather
than the long-range movement [60].
As comparison, LHCs in green alga and plant chloroplasts are very
dynamic. They preferentially form supercomplexes with photosystems,
such as PSII–LHCII and PSI–LHCI. During state transitions, LHCII can re-
versibly migrate between PSI and PSII to balance the distribution of
absorbed light energy [61]. Under light conditions that preferentially
excite PSII (state 2), LHCII is phosphorylated and migrates from PSII to
PSI to improve the absorption cross section of PSI–LHCI for harvesting
light, whereas the overexcitation of PSI will lead to the dephosphoryla-
tion of LHCII and as a consequence, the migration of LHCII back to PSII.
The mobility of LHCII has been conﬁrmed by the identiﬁcation of PSI–
LHCI–LHCII supercomplexes from Chlamydomonas chloroplasts [62].
3.2. Photosystem II
The distribution of cyanobacterial PSII and PSI is relatively homoge-
neous throughout thylakoid membranes, and often both photosystems
are in close proximity [63]. As shown in the hyperspectral confocal
ﬂuorescence images, PSII in Synechocystis 6803 is organized at the
outer thylakoid membranes [35]. In G. violaceus that has no thylakoid
membranes, PSII complexes are heterogeneously distributed in its
plasma membranes, and are preferentially concentrated into speciﬁc
membrane domains [64]. By contrast, plant thylakoids present spatial
segregation of photosynthetic complexes: PSII–LHCII supercomplexes
are densely localized in the stacked granal membranes, whereas PSI–
LHCI and ATPases are concentrated in the slightly curved stromal lamel-
lae and grana margins [65].
The biosynthesis cycles of PSII complexes are highly dynamic. In
cyanobacteria, the assembly of PSII appears to commerce within cyto-
plasmic membranes and then carries on in thylakoid membranes [41].
This stepwise assembly process relies on the direct membrane connec-
tions between cytoplasmic and thylakoidmembranes [42–44]. Different
modules assemble together to form a functional PSII monomer, which
eventually dimerize and become the ﬁnal chlorophyll–protein machin-
ery that conduct electron transfer reactions and charge separation [66].
It is evident that stress conditions, such as high light, could lead to a
rapid repair cycle for PSII degradation and replacement [67].
It is reasonable that the diffusion of PSII assembly modules in thyla-
koid membranes plays a role in the dynamic life cycle and regulation of
PSII. Compared to the rapid movement of phycobilisomes, however,
FRAP studies revealed themembrane-integral PSII complexes aremost-
ly immobile in cyanobacteria under low-intensity white light, probably
due to the spatial constrains of macromolecular crowding and speciﬁc
protein interactions in thylakoid membranes [68]. By contrast, another
chlorophyll-binding membrane protein that is supposed to bind with
photosystems and response to iron deﬁciency, the IsiA, was determined
to be mobile in thylakoid membranes [68]. It was further revealed that
when exposed to intense red light, about 50–60% of PSII changed from
a static state to a dynamic state and appear mobile, resulting in a long-
range reorganization of PSII in thylakoid membranes [69]. The red-light-induced mobility and structural rearrangement were deduced to
correlatewith the PSII repair cycle. In addition, lipids in thylakoidmem-
branes were proved to be mobile using ﬂuorescently staining dye [70].
These ﬁndings have explicit implications for the mobile conﬁguration
of cyanobacterial thylakoid membranes, which is instrumental in pro-
tein turnover and repair. Whether the PSII mobility in cyanobacteria is
affected by light intensity awaits experimental veriﬁcation.
The variation of PSII mobility under distinct environmental condi-
tions indicated the existence of speciﬁc protein–protein interactions or
protein–lipid interactions that govern the functional organization of
PSII in cyanobacterial thylakoid membranes. Cyanobacterial thylakoid
membranes have exceptionally high protein abundance,which is an im-
pediment to rapid proteinmobility [63]. On the other hand, high protein
density is advantageous to concentrating chromophores and electron
transport complexes into a limited membrane region, and thereby en-
hancing the efﬁciency of light capture and photosynthetic performance.
The dense packing of protein complexes has also been seen in the pho-
tosyntheticmembranes of purple bacteria and higher plants [32,71–74].
FRAP experiments on higher plant thylakoid membranes reported that
75% of ﬂuorophores are immobile, probably due to the dense packing
of protein complexes in grana membranes. However, the rest 25% frac-
tion diffuses freely and rapidly [75], distinct from the immobility of
cyanobacterial PSII. The mobility of chlorophyll–protein complexes ob-
served could be ascribed to the movement of LHCII between the grana
and stromal lamellae for energy redistribution in state transitions, or
the movement of PSII which could be essential for the PSII repair cycle
[75]. In addition, the mobility also presents variation in the grana and
stromal lamellae. About 50% of chlorophyll–protein complexes are mo-
bile in the unstacked thylakoids, whereas only 20% are mobile in the
stacked granamembranes [76]. The discrepancy in protein lateral diffu-
sion very likely reﬂects the conﬁned environment led by the stacking of
grana layers and the high protein/lipid ratio presented in grana.
3.3. Photosystem I, cytochrome b6f, ATP synthase and ferredoxin-NADP
+
oxidoreductase
The stoichiometry of PSI and PSII in thylakoid membranes is dynami-
cally regulated in response to light quality and quantity. In Synechocystis
6803, the ratio of PSI monomers to PSII monomers varies between 1.5:1
under light favoring PSI and 3:1 under light favoring PSII [77]. In addition,
the ratio of PSI to PSII is greater under low-intensity white light than that
under high-intensity white light [78].
Though PSI is naturally ﬂuorescent, most of the room-temperature
chlorophyll ﬂuorescence is attributed to PSII rather than PSI. This has
led to very limited information about the localization and dynamics of
PSI in cyanobacterial thylakoids, relative to the extensive studies on
PSII. Similarly, despite the profound roles of cyt b6f, ATPase and FNR in
cyanobacterial electron ﬂow, so far there is no experimental data on
the distribution and mobility of these non-ﬂorescence complexes. Our
limited knowledge about the organization and dynamics of PSI, cyt b6f
and ATPase is achievedmainly from the studies of bacterial membranes
[79,80] and plant chloroplasts [76].
In higher plants, PSI–LHCI andATPases are preferentially concentrat-
ed in unstacked thylakoid regions, physically separated from PSII–LHCII
supercomplexes in the stacked granal membranes. Cyt b6f complexes
are more evenly distributed throughout chloroplast thylakoid mem-
branes [76]. It is postulated that the lateralmobility of PSI–LHCI in plants
might be higher, as they are distributed in the unstacked thylakoid
membranes where protein complexes are less densely packed [76]. In
addition to ﬂuorescence imaging, an alternative approach, in situ elec-
trophoresis of membrane components within the membranes, was
exploited previously to measure the electro-photoluminescence that
originates from PSI only and determine the electrophoretic mobility of
PSI in chloroplast thylakoid membranes [81]. It is worthy noting that
the prepulse ﬁeld strength used in this technique may cause aggrega-
tion of charged particles, and thereby affect themeasurement accuracy.
261L.-N. Liu / Biochimica et Biophysica Acta 1857 (2016) 256–265The in vivo dynamics of FNR have been suggested by the fact that FNR can
interact with several major photosynthetic complexes including cyt b6f
[82], PSI [83] and NDH-1 [84,85]. Recently, FNR has been detected in a
photosynthetic supercomplex composed of PSI, LHCI, LHCII and cyt b6f
in plants [40]. By contrast, cyanobacterial FNR contains a phycobilisome
linker protein and thus associateswith the phycobilisome [86]. No associ-
ation of cyanobacterial FNR with cyt b6fwas detected [82]. Future micro-
scopic imaging on ﬂuorescently labeled PSI, cyt b6f and ATPase will
advance our understanding of the in vivo dynamics and functionality of
these electron transport complexes in cyanobacterial photosynthetic
membranes.
4. Distribution and dynamics of respiratory complexes in
cyanobacterial thylakoid membrane
In cyanobacterial thylakoid membranes, the respiratory complexes
are laterally interwoven andhave functional correlationwith thephoto-
synthetic complexes. The exact location of cyanobacterial NDH-1
complexes is controversial. Using different biochemical methods,
NDH-1 complexes have been found in both cytoplasmic and
thylakoid membranes of Synechocystis 6803 [87], explicitly in cyto-
plasmic membranes of Anabaena sp. PCC 7120 [88], or only in thyla-
koid membranes of Synechocystis 6803 [89–91]. To avoid the
variations in the purity of membrane preparations achieved from
different biochemical isolation approaches, a recent study used a
combination of ﬂuorescence labelling and confocal ﬂuorescence im-
aging, and detected NDH-1 and SDH of Synechococcus 7942 are both
conﬁned exclusively in thylakoid membranes. Likewise, cyt oxidase
was also found mostly in thylakoid membranes of Synechocystis
6803 [92,93].
Our knowledge about the distribution and dynamics of respirato-
ry electron transport complexes in cyanobacterial thylakoid mem-
branes is fragmentary. The study of the distribution of NDH-1 and
SDH complexes in Synechococcus 7942 provided new insights into
the large-scale reorganization and coordination of photosynthetic
and respiratory electron transport pathways in cyanobacterial thyla-
koid membranes [19]. In low-light adapted cells, both these com-
plexes are clustered in discrete membrane zones, suggesting that
there is likely spatial segregation of respiratory and photosynthetic
complexes in thylakoid membranes. After exposure of these cells to
moderate light, a long-range redistribution of both complexes takes
place, and these respiratory complexes appear rather evenly distrib-
uted in the membrane (Fig. 3) [19]. By this way, respiratory com-
plexes are laterally adjacent to photosynthetic complexes. These
results indicated speciﬁc interactions between different electron
transport chains, which can be triggered by light intensity. It was fur-
ther demonstrated that the large-scale distribution of respiratory
complexes is of functional signiﬁcance. Moderate light exposure re-
sults in a major change of the probability that electrons from the re-
spiratory complexes are transferred to a PSI rather than to a terminal
oxidase. Moreover, experiments in the presence of electron trans-
port inhibitors, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
and 2,5-dibromo-3-methyl-6-isopropyl-benzoquinone (DBMIB),
demonstrated that the reorganization of respiratory complexes in
thylakoid membranes is controlled in response to a redox switch of
PQ pool that is triggered by light. Oxidation of PQ pool induces the
clustering of NDH-1 in segregated thylakoidmembrane zones, whereas
reduction of PQ pool induces a post-translational switch in the distribu-
tion of respiratory complexes through closer association of NDH-1 and
SDH with PSI. This biological “switch” provides a basis for regulating
the prevalence of linear and cyclic electron ﬂow. In addition, the mem-
brane reorganization (and associated changes in electron transport
pathways) occurs on a timescale of about 30–60min. During this period
the spots of NDH-1 remain stationary, but gradually lose intensity as
complexes diffuse out of the NDH-1 clusters and spread into the bulk
thylakoid membranes [19]. The slow kinetics of the transition isrationalized by giant NDH-1 complexes and highly conﬁned mobility
of membrane-integral complexes in cyanobacterial thylakoid mem-
branes. However, speciﬁc protein organization andmodulation in thyla-
koid membranes might be adopted to facilitate the rearrangement of
large electron transport complexes. These observations indicated that
the organization of electron transport complexes in the membrane, at
the sub-micron scale, is under physiological control, and plays a crucial
role in controlling pathways of electron ﬂux.
Another example of dynamic “electron valves” in cyanobacteria is
the Flv proteins, Flv1–4. They are cytoplasmic proteins that take
electrons from the photosynthetic electron transport chain and di-
vert them to alternative acceptors. Flv1 and Flv3 form a heterodimer
that takes electrons from the acceptor side of PSI and uses them to
reduce oxygen [94]. An Flv2/Flv4 heterodimer takes electrons from
the acceptor side of PSII, passing them to an unknown acceptor
[95]. The regulatory mechanism of the activities of Flv proteins is
still unknown.
5. Dynamics of electron carriers in the cell membrane and thylakoid
lumen
In addition to the mobility of protein complexes, the diffusion dy-
namics of small electron transport molecules, comprising PQ, PC and
cyt c, are also essential to electron transport [79]. PQ diffuse through
the lipid layer of thylakoid membranes, due to their hydrophobic
features, and shuttle electrons between PSII and cyt b6f. The redox
state of PQ pool has been found to function as the key controller of
a number of biological reactions in cyanobacteria, including the dis-
tribution of respiratory complexes [19], photosystem composition
[96], and state transitions [97] and the modulation of circadian
clock [98,99]. The lipid composition and mobility are important fac-
tors in determining the mobility of PQ. A recent study explored the
in vivo distribution and dynamics of the electron carrier ubiquinone
in bacterial bioenergetic membranes, using a green ﬂuorescent ubi-
quinone analogue named NBDHA-Q [79]. The Escherichia (E.) coli
cell suspension was pre-incubated with NBDHA-Q prior to confocal
imaging. This allowed the incorporation of NBDHA-Q into cell mem-
branes, in speciﬁc the cytoplasmic membrane. There seems no PQ
microdomain in the thylakoid membrane, as confocal imaging re-
vealed relatively homogeneous halos along the cellular membrane,
without any signiﬁcant spotty distribution [79]. By contrast, respira-
tory complexes are concentrated in separate mobile domains in the
membrane. Distinct from the respiratory complexes characterized
in mitochondria, bacterial respiratory complexes do not present sig-
niﬁcant co-localization and thereby no supercomplex assembly [79].
FRAP experiments illustrated a rapid diffusion of NBDHA-Q mole-
cules, at the micrometer scale, in E. coli cytoplasmic membranes
(Fig. 4). The diffusion of NBDHA-Q was further demonstrated to be
temperature-dependent and highly correlated with the respiratory
activity of E. coli cells grown at different temperatures [79]. These re-
sults indicated that the electron carriers are highly mobile in the cell
membrane, allowing electron transfer between electron transport
functional domains.
Another electron carrier, PC, diffuses in the lumen of the thylakoid
membrane to connect cyt b6f and PSI. Therefore, itsmobility is largely af-
fected by the circumstance of thylakoid lumen. Itwas revealed that light
intensity could induce variations of the thylakoid lumenal space [46,47].
The swelling of thylakoid lumen could then lead to changes in protein
dynamics. Indeed, the protein diffusion in the cryptophyte thylakoid
lumen is highly restricted, probably due to the crowding environment
inside the cryptophyte thylakoid lumen [57]. Further characterization
of the environmental conditions of cyanobacterial thylakoid lumen is
critical for better understanding the mobility of the lumenal electron
carriers.
The organization of photosynthetic membranes plays an important
role in regulating the direction and efﬁciency of electron ﬂow. A
Fig. 3. Regulation of electron transport pathways. A, Confocal microscopy images show different localization of functional NDH-1 complexes in Synechococcus 7942 grown in moderate
light (60 μEm−2 s−1) and low light (6 μEm−2 s−1). The ﬂuorescence of green ﬂuorescence proteins (shown in green) revealed the distribution of NDH-1 complexes, whereas chlorophyll
ﬂuorescence (shown in red) indicates the location of thylakoidmembranes. The reorganization of NDH-1 complexes in thylakoid membranes highly correlates with the direction of elec-
tron ﬂow to respiratory pathway or photosynthetic pathway. For details, see [19]. B, Model of the regulation of electron transport pathways in cyanobacterial thylakoid membranes. Ar-
rows indicate the directions of electron ﬂow. Complexes related to photosynthesis are shown in green and respiratory components are indicated in blue. Different light intensities could
trigger the variation of the redox state of PQ pool, and thereby lead to distinct pathways of electron transport.
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lyzed is the exceptional protein crowding [32]. As discussed earlier,
the dense packing of multicomponent photosynthetic complexes is fa-
vorable for excitation energy transfer between complexes on one
hand, but on the other hand it signiﬁcantly reduces the lipid content
and space between protein complexes. As a consequence, the mem-
brane ﬂuidity that is required for the diffusion of hydrophobic elec-
tron/proton transport carriers (i.e. quinone molecules) is remarkably
restricted [74]. It represents an obstacle for efﬁcient electron transport
between electron transport complexes in the membranes. Analysis of
the architecture of bacterial photosynthetic apparatus proposed a con-
tinuous ‘lipid area network’ for the long-range quinone diffusion
throughout the photosynthetic membranes of purple bacteria (Fig. 4).
The speciﬁc quinonepathways are created in nature by the combination
of speciﬁc local molecular environment and long-range protein organi-
zation [73].6. Conclusions
Evolution has developed strategies to modify, in an efﬁcient manner,
the electron transport pathways in response to diverse environments. Dy-
namic organization of electron transport components in cyanobacterial
thylakoid membranes provides a basis for the adaptive responses that
allow the regulation andoptimization of bothphotosynthesis and respira-
tion. Our current understanding of the functional and structural dynamics
of electron transport pathways needs to be substantially improved. For
example, further characterization of the dynamics of cyanobacterial PSI,
cyt b6f, ATPase, cyt oxidase as well as the electron carriers of photosyn-
thetic and respiratory electron transport are imperative. In addition, little
is known about the factors that govern the dynamic processes of electron
transport pathways in thylakoid membranes, such as how do the lipid
composition and lipid–protein interaction affect the organization and dy-
namics of proteins and molecules involved in electron transport. Global
Fig. 4.Mobility and diffusion pathways of electron carriers in the cellularmembrane. A, Fluorescence recovery after photobleaching of living E. coli cells incubatedwith NBDHA-Q indicated
the ubiquinonemobility in bacterial membrane. For details, see [79]. B, Network of quinone pathways within the entire intracytoplasmic photosynthetic membranes from purple photo-
synthetic bacteria. Overview atomic forcemicroscopy images andmolecular-resolution images of typical photosynthetic protein assemblies of the native photosyntheticmembranes from
Rhodospirillum photometricum revealed speciﬁc protein organization and crowding in photosyntheticmembranes,which are the fundamental basis of the long-range quinone pathways in
cellular membranes. For details, see [73].
263L.-N. Liu / Biochimica et Biophysica Acta 1857 (2016) 256–265picture of the regulation and acclimation of the electron transport path-
way network in cyanobacterial thylakoid membranes will beneﬁt from
the recent advances of “omics” approaches, including transcriptomics,
proteomics and metabolomics.
Advanced knowledge of the electron transport in photosynthetic
membranes has led to attempts to modulate the photosynthetic build-
ing blocks and pathways, using the powerful tools of synthetic engi-
neering. In this context, cyanobacteria can be used as an attractive
“green” basis for producing high-value compounds, such as food, phar-
maceuticals, and biofuels. Understanding the regulatory mechanisms
underlying the larger-scale distribution and dynamics of electron trans-
portmoduleswill provide essential information required for developing
strategies to optimize and control electron transport pathways, and bio-
engineering of new bioenergetic machinery or organisms to boost bio-
fuel production.Transparency document
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